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PREFACE 

The Mathematical Physics Branch/Mission Planning and Analysis Division has the  
r e s p o n s i b i l i t y  to  provide the  func t iona l  ground navigat ion software formulation 
requirements f o r  the  Mission Control Center (MCC) low-speed processing phases 
during Operations Pro jec t  S h u t t l e  (OPS). 

The ground navigation software formulation requirements a r e  l o g i c a l l y  organized 
i n t o  volumes. This organizat ion is presented i n  the  accompanying t a b l e .  The ma- 
t e r i a l  i n  each volume presents  the l e v e l  C formulation requirements of  the  
processors and modules required t o  process low-speed t racking data  and perform 
o r b i t  determination and o the r  navigation r e l a t e d  computations. Each volume de- 
s c r i b e s  the formulation requirements of the  i d e n t i f i e d  processor or  module 
spec i f i ed  i n  t h e  OPS MCC Ground Navigation Program Level B Software document 
r e f .  1 The inpu t s  and outputs  required t o  accomplish the  funct ions  described 
a r e  s p e c i f i e d .  
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1.0 CORRELATION TO LEVEL B 

This document presents  the l e v e l  C software requirements t h a t  s a t i s f y  the  l e v e l  
B software requirements spec i f i ed  f o r  the  observation computation module (OCM) 
i n  the  following sec t ions  of  JSC I N  77-FM-57 ( r e f .  1 ) : s e c t i o n s  5 .9 ,  6.0 ( f i g .  
6-8), 7 .2 .8 ,  and 8.3.8. 

2.0 GENERAL DESCRIPTION 

The navigation t racking data  observat ions  t o  be used i n  the S h u t t l e  OPS ground 
navigation programs a r e  derived from electromagnetic s i g n a l s .  An electromag- 
n e t i c  s i g n a l  is s e n t  from a ground t r a n s m i t t e r  t o  a spacecra f t ,  e i t h e r  d i r e c t l y  
or  v ia  a r e l ay  s a t e l l i t e ,  where it is re t ransmi t t ed  and subsequently received a t  
a  ground receiving s t a t i o n .  A l l  observat ions  (o r  measurements) a r e  r e l a t e d  t o  
the c h a r a c t e r i s t i c s  of t h i s  received electromagnetic s i g n a l ;  i . e . ,  t h e  angle  of  
the  incoming s i g n a l ,  the r a t i o  of the received t o  the t ransmit ted  frequency, o r  
the  round-tr ip s i g n a l  t r a n s i t  time. The a c t u a l  measurements of these  q u a n t i t i e s  
a r e  r e fe r red  t o  a s  the "observed" d a t a .  

The OCM is used t o  compute es t imated,  r e f r a c t i o n  cor rec ted ,  da ta  measurement 
values and t o  c a l c u l a t e  t racking data  r e s i d u a l s  (observed values minus computed 
values)  f o r  use i n  the d i f f e r e n t i a l  co r rec t ion  module (DCM) and the  r e s i d u a l  com- 
pu ta t ion  processor (RCP) . A l l  computed measurement values a r e  based on a user-  
spec i f i ed  dynamic model and e i t h e r  a user-speci f ied  input  vector  o r  the c u r r e n t  
o r b i t  determination so lu t ion  vector .  The measurement values a r e  computed a t  
times corresponding t o  the a c t u a l  da ta  measurement times a t  the  ground rece iv ing  
s t a t i o n .  

The OCM is required t o  compute est imated measurement values f o r  angular ,  range,  
and Doppler da ta .  The angular data  type includes  angle p a i r s  f o r  th ree  types of 
antenna mounts (azimuth/elevation;  X/Y  with the  X-axis or iented eas t /wes t ;  and 
X/Y with the X-axis or iented nor th /south)  . The range data  type includes  radar  
bounce ( sk in  t r a c k ) ,  C-band beacon, S-band s idetone ( f o r  d i r e c t  t r a c k i n g ) ,  and 
S-band or  Ku-band PN ranging ( f o r  TDRS t rack ing  da ta  r e lay  s a t e l l i t e  r e l a y  
t r ack ing) .  The Doppler data  types  include S-band d i r e c t ,  and S-band and Ku-bqnd 
relayed Doppler. 

The f i r s t  s t e p  i n  the  measurement computation process is t o  use a l i g h t  t ime 
a lgor i thm t o  compute the times of s i g n a l  transmission and the  pos i t ions  and 
v e l o c i t i e s  of the ground s t a t i o n s  and spacecra f t  involved i n  the  round-tr ip s i g -  
n a l  path .  These computations a r e  performed i n  the Aries mean-of-1950 (M50) 
Cartesian coordinate system. 

The next s t e p  is t o  r o t a t e  the  M50 receiving s t a t i o n  vector t o  the  topodet ic  co- 
o rd ina te  system a t  the ground s t a t i o n  and compute the  angle measurements and 
r e f r a c t i o n  cor rec t ions .  The range measurement, i n  terms of t o t a l  round-tr ip s ig -  
nal-path l eng th ,  is computed and corrected f o r  r e f r a c t i o n  e f f e c t s .  F i n a l l y ,  the  
Doppler measurement is computed and corrected fo r  r e f r a c t i o n  e f f e c t s .  

The r e s i d u a l  is then ca lcu la ted .  If an angle r e s i d u a l  is involved,  a quadrant 
t e s t  is made and, i f  required,  the computed measurement is  adjusted t o  corre-  



spond t o  the convention used f o r  angular da ta  measurements. I f  a range r e s i d u a l  
is involved,  a t e s t  is made, and i f  r equ i red ,  co r rec t ions  a r e  applied t o  t h e  
computed measurement t o  resolve  range ambiguity i n t e r v a l  problems. 

Each of the major funct ions  of the  OCM is described i n  s e c t i o n  3.0. The se-  
quence of mathematical computations and o v e r a l l  l o g i c  flow f o r  t h i s  module is 
presented i n  flow c h a r t  OCM of appendix A .  The coordinate systems used i n  t h e  
OCM a r e  defined i n  volume X I V  of  these  requirements. 

3.0 FORMULATION OF EACH FUNCTION 

The general  organizat ion of these  formulations is indicated by the headings of 
the  major subsect ions  a s  follows: 

3.1 RANGE MEASUREMENT MODELS 

3.2 DOPPLER MEASUREMENT MODELS 

3.3 ANGLE MEASUREMENT MODELS 

3.4 LIGHT TIME ALGORITHM 

3.5 REFRACTION CORRECTION MODELS 

3.6 M50 t o  ENU TOPODETIC TRANSFORMATION 

The f i r s t  three  subsect ions  give the  complete formulations f o r  the models of  the  
radar  measurement types .  These models make repeated use of a l i g h t  time 
algori thm (formulated i n  sec t ion  3.4) and employ r e f r a c t i o n  correct ion models 
(formulated i n  s e c t i o n  3 .5) .  In  a d d i t i o n ,  s e c t i o n s  3.3 and 3.5 make repeated 
use of a transformation of s ta t ion-centered r e l a t i v e  vec to r s  ( i n  M50 
coordinates)  t o  ENU topodet ic  coordinates .  This transformation is formulated i n  
s e c t i o n  3.6. 

3.1 RANGE MEASUREMENT MODELS 

Two general  forms of the range measurement model w i l l  be given: 

Direct  range measurement (IDOP = 0) 

Direct  range includes s k i n  t r ack  ranging,  C-band beacon ranging, and 
S-band s idetone ranging. 

Relay range measurement (IDOP = 1)  

Relay range ( f o r  TDRS re lay  t r ack ing)  inc ludes  S-band and Ku-band PN 
ranging f o r  both two-way/three-way and hybrid-relay t racking 
conf igurat ions  . 



In both cases ,  the computed range is the  t o t a l  s i g n a l  path d i s t a n c e ,  from t rans -  
m i t t e r  t o  r e c e i v e r ,  corrected f o r  t ropospher ic  r e f r a c t i o n .  In  the  case of r e l a y  
range,  t h i s  d is tance  is computed modulo the ambiguity i n t e r v a l  (PN code length)  
so a s  t o  make it comparable with the  radar  observation.  

Signal-path configurations for  d i r e c t  range and re lay  range a r e  shown i n  f i g u r e s  
1 and 2. A summary t ab le  t h a t  de f ines  each of the  p a r t i c i p a t i n g  points  along 
the  s i g n a l  path and the point  index nota t ion convention is given i n  l i g h t  time 
algori thm ( sec  . 3.4) . 
Input  parameters required fo r  the  range measurement models a r e  l i s t e d  a s  
follows : 

IDOP = Flag t h a t  def ines  t racking configuration 

0 = Direct  t r ack ing ;  1 = Relay t racking 

tR = Range measurement time 

GRNG = Range observation 

AR = Range ambiguity i n t e r v a l  ( I D O P  = 1 only) 

Inputs  required f o r  l i g h t  time algori thm: 

These parameters a r e  defined i n  d e t a i l  i n  sec t ion  3.4. They a r e  summarized 
f o r  reference  a s  follows: 

( A R ,  qR, Z G R ,  @DR) = Receiver loca t ion  parameters 

( A X ,  rGx, ZGX,  @DX) = Transmitter  locat ion parameters 
- 
EPH ( I )  = Nine-point ephemeris t a b l e s  (I = 1 , 2 , 3 )  

Inputs  required fo r  r e f r a c t i o n  cor rec t ion  model: 

These parameters a r e  defined i n  d e t a i l  i n  sec t ion  3.5. They a r e  summarized 
f o r  reference  a s  follows: 

NR = Refraction modulus a t  r ece ive r  

HR = Scale height f o r  r ece ive r  

NX = Refraction modulus a t  t r ansmi t t e r  

HX = Scale height fo r  t r a n s m i t t e r  

REFIND = Low-speed r e f r a c t i o n  cor rec t ion  ind ica to r  



Parameters obtained from system i n t e r f a c e s  

C = Velocity of l i g h t  

3.1.1 Computation of Geometrical Signal  Trans i t  Time 

The inpu t s  needed f o r  the  l i g h t  time algori thm ( s e c .  3.4) a r e  contained i n  t h e  
list above. The outputs from the  l i g h t  time algori thm required f o r  use i n  t h e  
range model a r e :  

At(p) = Signal  delay time f o r  each l e g  of s i g n a l  path 

For IDOP 0 : p = 1,2  

For IDOP = 1 : p = 1 ,2 ,3 ,4 ,5  

R , t  = Posi t ion (M50 coordinate)  of each point  on s i g n a l  path a t  p a r t i c -  
i p a t i o n  time tp 

For IDOP = 0 : p = 1 , 2 , 3  

For IDOP = 1 : p = 1 ,2 ,3 ,4 ,5 ,6  

Note: The time t l  corresponds t o  the  rece ive r  measurement time t ~ .  Figures 1 
and 2 show the  s i g n a l  path  geometry f o r  d i r e c t  and re lay  t racking.  Sec- 
t i o n  3.4.2 g ives  a summary d e f i n i t i o n  of the  p a r t i c i p a t i n g  point  indexes 
used here.  

Compute the  geometrical  t o t a l  s i g n a l  path length  (uncorrected f o r  r e f r a c t i o n ) :  

For IDOP = 0 : p = 1,2  
S'  = CCAt(p) 

For IDOP = 1 : p = 1 , 2 , 3 , 4  

3.1.2 Application o f  Refraction Correction 

Inputs  ( i n  addi t ion t o  those given i n  the  above l i s t )  required f o r  the range re -  
f r a c t i o n  correct ion ( sec .  3.5.1) a r e  computed a s  follows: 

+ 
P 

(REC) = i2 - R1 ; IDOP = 0 , l  

Receiver l e g  range vector (M50 coordinate)  and associa ted  time 

(Note: This vector is defined t o  point  along the  negative of t h e  
forward s i g n a l  path .  



- - For IBOP = 0 : L = 3 
;(TxM) = RL-i - R L  ; 

For IDOP = 1 : L = 5 

Transmitter  l eg  range vector (M50 coordinate)  and associa ted  time. 

The outputs  from the  range r e f r a c t i o n  cor rec t ion  model ( sec .  3.5.1) a r e  as 
follows: 

Q(REC) = rece ive r  l e g  range cor rec t ion  

&)(  TXM) = t r a n s m i t t e r  l e g  range cor rec t ion  

The t o t a l  ( r e f r a c t i o n  cor rec ted)  range is  

FOR IDOP = 0,  t h i s  is the  f i n a l  form of the  computed range measurement. 

For IDOP 1 , a fu r the r  adjustment f o r  range ambiguity must be made so t h a t  the  
computed re lay  range can be compared t o  the  measured range. This a d d i t i o n a l  
computation is given below. 

3.1.3 Relay Range Ambiguity Adjustment 

For IDOP = 1 only, compute the  ambiguous range SA. S p e c i f i c a l l y ,  i n  terms of  ON 
code l eng th ,  SA = S modulo (PN code length i n  d i s t ance  u n i t s ) .  

(Note: The PN code l eng th  A R  is assumed t o  be i n  i n t e r n g l  d i s t ance  u n i t s . )  

Using the range observat ion,  GRNG a reasonableness t e s t  i s  now made t o  reso lve  
any uncer ta in ty  concerning the  t o t a l  number of ambiguity i n t e r v a l s  i o  the  t o t a l  
s i g n a l  path range. 

I f  lGRNG - SAI > AR/2 recompute S as: 



Otherwise: S = SA 

3.1.4 Residual Computation 

The range r e s i d u a l  D(S) is computed from: 

3.2 DOPPLER MEASUREMENT MODELS 

Two general  forms of the  Doppler measurement model w i l l  be given: 

a .  Direct  Doppler measurement (IDOP = 0); d i r e c t  Doppler d a t a  includes  two-way 
and three-way S-band measurements. 

b.  Relay Doppler measurement (IDOP = 1) ; r e l a y  Doppler d a t a  include two-way/three- 
way and hybrid re lay  measurements f o r  both S-band and Ku-band f requencies .  

I n  both cases ,  the computed Doppler measurement is the  average frequency s h i f t  
i n  a t ransmit ted  reference  s i g n a l ,  corrected f o r  t ropospher ic  r e f r a c t i o n  (on 
the signal-path l e g s  between ground s t a t i o n s  and space veh ic le )  and any known 
b ias .  In the case  of r e l ay  Doppler, an  a d d i t i o n a l  term due t o  the  frequency 
s h i f t  i n  the  p i l o t  tone s i g n a l  a t  the  rece ive r  is added so t h a t  the  computed mea- 
surement w i l l  be comparable t o  the  radar  observat ion.  

The differenced-range form of the Doppler measurement model is used f o r  a l l  cases.  
This means t h a t  l i g h t  time so lu t ions  must be obtained f o r  both t h e  " s t a r t "  and 
"end" times of the receiver  count i n t e r v a l .  Because Doppler observat ions  i n  a 
given da ta  batch a r e  ( f o r  the  most p a r t )  contiguous,  computations f o r  the  end 
time of one count i n t e r v a l  (measurement) w i l l  o f t en  be va l id  f o r  the  s t a r t  time 
of the  next count i n t e r v a l .  

Signal-path conf igurat ions  fo r  d i r e c t  and r e l a y  Doppler measurements a r e  shown 
i n  f i g u r e s  1 and 2 .  A summary t a b l e  t h a t  de f ines  each of the  p a r t i c i p a t i n g  
po in t s  along the  s i g n a l  path and the point  index nota t ion convention is  given i n  
s e c t i o n  3.4. 

Input  parameters required f o r  the  Doppler measurement models a r e  l i s t e d  a s  
follows : 

IDOP = Flag t h a t  def ines  t racking conf igurat ion 
0 = d i r e c t  t racking:  1 = r e l a y  t r ack ing  

tR = Doppler measurement time (corresponds t o  time of measurement 
count i n t e r v a l )  

= Count i n t e r v a l  (averaging time of measurement) 



%X = Reference frequency; f o r  d i r e c t  t r ack ing ,  VNX is t h e  t r a n s m i t t e r  
frequency; f o r  r e l a y  t racking,  *IX is  t h e  t a r g e t  vehic le  (use r  
spacecra f t )  t ransmit  frequency un e r  zero-Doppler condit ions.  

K = Doppler frequency model m u l t i p l i e r ;  
For d i r e c t  t r ack ing  (S-band), K is the  composite of t h e  t a r g e t  vehi- 
c l e  transponder m u l t i p l i e r  and t h e  Doppler e x t r a c t o r  m u l t i p l i e r  
(nominal value is 1000 x 240/221). For r e l a y  t racking,  K is t h e  
Doppler e x t r a c t o r  m u l t i p l i e r  (nominal values a r e  1000 f o r  S-band and 
100 f o r  Ku-band ) . 

0j3 
= Offset  frequency i n  Doppler e x t r a c t o r  (nominal value is 240 mHz) 

(bFp)= Return l i n k  TDRS t r a n s l a t i o n  frequency; (sometimes c a l l e d  re tu rn  l i n k  
p i l o t  tone b i a s  frequency ) 

bD = Relay Doppler measurement b ias  from cur ren t  es t imate  of s t a t e  vector 

Inpu t s  required f o r  l i g h t  time algori thm; these  parameters a r e  defined i n  
d e t a i l  i n  sec t ion  3.4. They a r e  summarized here f o r  reference  a s  follows: 

(AR, PGR, ZGR, 4DR) = rece ive r  loca t ion  parameters 

(AX, r ~ x ,  ZGX, dDx) = t r a n s m i t t e r  loca t ion  parameters 
- 
EPH ( I )  = nine-point ephemeris t a b l e s  (I = 1 ,2 ,3 )  

Inpu t s  required f o r  r e f r a c t i o n  correct ion model; these  parameters a r e  defined 
i n  d e t a i l  i n  sec t ion  3.5 and a r e  summarized here f o r  reference .  

NR = Refraction modulus a t  r ece ive r  

HR = Scale  height f o r  receiver  

NX = Refraction modulus a t  t r a n s m i t t e r  

HX = Scale  height f o r  t r ansmi t t e r  

REFIND = Low-speed r e f r a c t i o n  cor rec t ion  ind ica to r .  

Parameters obtained from system i n t e r f a c e s  

C = Velocity of l i g h t  

GDOp = Doppler measurement 



3.2.1 Computation of S igna l  Delay Times a t  S t a r t  and End of Count I n t e r v a l  

The l i g h t  time algori thm ( sec .  3.4) must be exercised f o r  both start and end 
times of the count i n t e r v a l .  These times a t  the  receiver  a r e :  

t p )  = t~ (End time of  r ece ive r  count i n t e r v a l )  

t l ( ' )  = t~ - -T ( S t a r t  time of r ece ive r  count i n t e r v a l )  

Each of these  t imes (along with IDOP, s t a t i o n  parameters, and ephemeris parame- 
t e r s  l i s t e d  above) a r e  provided t o  the  l i g h t  time algori thm. The two s e t s  of 
outputs ,  corresponding t o  the  s t a r t  and end times of t h e  rece ive r  count i n t e r v a l  
( ind ica ted  by s u p e r s c r i p t s  ( s )  and ( e ) )  a r e  as follows: 

( p )  ; ~ t ( ~ )  (p)  = s i g n a l  delay times f o r  each s i g n a l  l e g  

For IDOP = 0 : p = 1,2  

For IDOP = 1 : p = 1 , 2 , 3 , 4 , 5  

- 
R ~ ( S ) ,  t p ( ~ )  ; R ~ ( ~ )  , t p ( e )  = p o s i t i o n  (M50 coordinates)  and epoch of each 

point  on s i g n a l  path a t  p a r t i c i p a t i o n  t imes 

For IDOP = 0 : p = 1 ,2 ,3  

For IDOP = 1 : p = 1 , 2 , 3 , 4 , 5 , 6  

Note : For a given data  batch,  the l i g h t  time algori thm outputs  generated from - 
t l ( e )  = (end time of cu r ren t  measurement count i n t e r v a l )  should be saved. 
Very o f t e n ,  the s t a r t  time of the next measurement count i n t e r v a l  w i l l  be 
t h i s  same time, i n  which case an e n t i r e  l i g h t  time ~ ~ m p u t a t i o n  cyc le  
can be e l iminated.  

3.2.2 Basic (Uncorrected) Differenced-Range Doppler Models 

The Doppler models, before cor rec t ion  f o r  r e f r a c t i o n  and b i a s  a r e  computed a s  
follows.  

a .  Direct  t racking (IDOP = 0) 



Note : For three-way d i r e c t  t racking ( incoheren t ) ,  a term - 

+ K (vNX - vNR) 

is of ten  included i n  the equation f o r  f ' . This term accounts f o r  the  
p o s s i b i l i t y  of a d i f f e r e n t  reference  frequency, VNR,  i n  the  Doppler ex- 
t r a c t o r  a t  the rece ive r .  Because three-way d i r e c t  t racking configura- 
t ions  a r e  s e t  up so t h a t  nominally VNR = VNX, t h i s  term is not included,  
and any d i f fe rence  between the two frequencies w i l l  be accounted f o r  i n  
the b ias  co r rec t ion  processor (BCP). I f  i t  were des i red  t o  include t h i s  
term i n  the program mechanization, an a d d i t i o n a l  frequency yNR must Qe 
provided a s  an inpu t .  

b. Relay t racking (IDOP = 1) 

3.2.3 Application of Refraction and Bias Corrections 

Inputs  ( i n  addi t ion t o  those given i n  the above l is t)  required f o r  the Doppler 
r e f r a c t i o n  correct ion ( s e c .  3.5.2) a r e  computed a s  follows: 

7 s )  - (s) - ( s )  
P R E C -  R2 - R1 ; IDOP = 0 , l  

Receiver l e g  range vector (M50 coordinate)  and assoc ia ted  time f o r  
s t a r t  time of count i n t e r v a l .  (Note t h a t  the  p o s i t i v e  sense is 
along the negative of the forward s i g n a l  pa th . )  



+ ( e l  -(e> ( e l  heC = R 2  - 5 IDOP = 0 , l  

Receiver l e g  range vector (M50 coordinate)  f o r  end time of count 
i n t e r v a l .  (Note t h a t  the  p o s i t i v e  sense is along t h e  negat ive  
of t h e  forward s i g n a l  path.)  

s - - -(sl. For IDOP = 0 : L = 3 
P T X ~  - RL-1 ' RL 9 

For IDOP = 1 : L = 5 

Transmitter  l e g  range vector (M50 coordinate)  and associa ted  time 
f o r  s t a r t  time of count i n t e r v a l .  

+ (e>  - -(el z e  ; j For IDoP = o : L = 3 
'TXM - R ~ - ~  - For IDOP = 1 : L = 5 

Transmitter  l e g  range vector (M50 coordinate)  and associa ted  time 
f o r  s t a r t  time of count i n t e r v a l .  

s - - -(s l  
PPLT ' R2 - Rg ; IDOP = 1 only 

Receiver t o  TDRS-2 range vector (M50 coordinate)  and associa ted  time 
f o r  s t a r t  time of count i n t e r v a l .  

+ (e )  -(e) -(el  
P ~ L T  = R 2  - R 6  ; IDOP = I only 

( e )  ( e l  
t~~~ = t6 



Receiver t o  TDRS-2 range vector (M50 coordinate)  and associa ted  
time f o r  s t a r t  time of count i n t e r v a l .  

The outputs from t h e  Doppler r e f r a c t i o n  cor rec t ion  ( sec .  3.5.2) a r e  a s  follows: 

~ P ( ~ ) ( R E C )  , ~ ~ P ( ~ ) ( R E c )  = Range cor rec t ions  f o r  r ece ive r  l e g  corre-  
sponding t o  s t a r t  and end times of count 
i n t e r v a l .  

6 p ( ~ )  (TXM) , S P ( ~ )  (TXM) = Range cor rec t ions  f o r  t r ansmi t t e r  l e g  
corresponding t o  s t a r t  and end times of 
count i n t e r v a l .  

GP(')(PLT) , G P ( ~ ) ( P L T )  r Range cor rec t ions  f o r  p i l o t  tone l e g  
( rece ive r  t o  TDRS-2) corresponding t o  start 
and end times of count i n t e r v a l .  (These 
outputs  apply f o r  IDOP = 1 only . )  

The Doppler measurement models, corrected f o r  r e f r a c t i o n  and b ias ,  a r e  given by 
the  following: 

For IDOP = 0 : 

For IDOP = 1 : 

Note: The u n i t s  of the  computed Doppler measurement w i l l  be t h e  same a s  the in-  - 
t e r n a l  u n i t s  of the  frequencies VNX, (bFp),  and b ~ .  The i n t e r n a l  u n i t s  
of these  parameters a r e  expected t o  be Hz. 



3.2.4 Residual  Computation 

The Doppler r e s i d u a l  D(f)  is coiputed from: 
' 

3.3 ANGLE MEASUREMENT MODELS 

Angle measurements apply only t o  d i r e c t  t racking (IDOP = 0 ) .  The th ree  types  
of angle measurement s e t s  considered here  a r e  a s  follows: 

a .  A,E = Azimuth and e levat ion angles  
( see  f i g u r e  3 f o r  app l i cab le  geometry) 

b. XNIS,  YNIS = X-Y angles f o r  a nor th lsouth  antenna mount 
( see  f i g u r e  4 f o r  app l i cab le  geometry) 

C .  X E I W ,  YEIW = X-Y angles  f o r  an eas t lwes t  antenna mount 
( see  f i g u r e  5 f o r  app l i cab le  geometry) 

Angle measurements apply only t o  r ece ive r  leg  of $he s i g p a l  p a t h  ( f i g .  I ) ,  
and a r e  computed from the  r e l a t i v e  range vector  p(REC) = R 2  - R I ,  which corre-  
sponds t o  the  receiver  measurement time t ~ .  The equations used t o  compute -+ 
p(REC) a r e  i d e n t i c a l  f o r  $11 three  angle measurement s e t s  and a r e  a l s o  the  same 
a s  those used t o  compute p(REC) i n  the  range measurement model ( sec .  3.1) 
and $ ( e ) ( ~ ~ ~ )  i n  the  Doppler measurement model ( sec .  3 .2 ) .  ( A s  mentioned 
i n  sec t ion  3.0, s i g n a l  delay times and r e l a t i v e  range vectors  f o r  r ece ive r  
time tR a r e  v a l i d  f o r  a l l  of the  da ta  types t h a t  have tR a s  t h e i r  r ece ive r  
measurement time. ) 

The general  computation procedure f o r  each of the  angle  measurement s e t s  is: 

a .  Use output from l i g h t  time algori thm (sec .  3.4) t o  cons t ruc t  the  rece ive r  
l eg  range vec to r ,  3(REC) i n  M50 coordinates .  

b. Rotate ~ ( R E C )  t o  s ta t ion-centered ENU topodet ic  coordinates (use transforma- 
t i o n  of s e c t i o n  3 .6 ) .  

c .  Use ENU components <,Q,< to compute the  uncorrected angle measurements. 

d .  Use e leva t ion  r e f r a c t i o n  cor rec t ion  model ( sec .  3.5.3) t o  compute eleva- 
t i o n  correct ion 6E. Use 8E t o  compute the r e f r a c t i o n  cor rec t ions  f o r  the  
angle measurements. 

Input  parameters required f o r  the angle measurement models a r e  l i s t e d  a s  
follows : 

IDOP = 0 , Direct  t racking only 

t~ = Receiver measurement time 



G A N G I ,  GANG2 = Angle observations 

G ~ ~ ~ l  corresponds t o  azimuth o r  an X angle  

G ~ ~ ~ 2  corresponds t o  e leva t ion  or  a Y angle 

Inputs required f o r  l i g h t  time algori thm 

These parameters a r e  defined i n  d e t a i l  i n  sec t ion  3.4. They a r e  summarized 
here f o r  reference:  

( X R ,  rGR ,ZGR ,$DR) = Receiver loca t ion  parameters 

( l X ,  rGX ,ZGX,dDX) = Transmitter  loca t ion  parameters 
- 
EPH(1) = Nine-point ephemeris t a b l e s  ( I  = 1 ,2 ,3 )  

Inputs required f o r  r e f r a c t i o n  cor rec t ion  model 

These ( s t a t i o n  c h a r a c t e r i s t i c s )  parameters a r e  defined i n  d e t a i l  i n  sec t ion  3.5. 
They a r e  summarized f o r  reference  a s  follows : 

NR = Refraction modulus a t  receiver  

HR = Scale  height  f o r  r ece ive r  

NX = Scale  height f o r  t r ansmi t t e r  

HX = Scale  height  f o r  t r a n s m i t t e r  

REFIND = Low-speed r e f r a c t i o n  cor rec t ion  ind ica to r  

Parameters obtained from system i n t e r f a c e s  

C = Velocity of l i g h t  

3.3.1 A ,E Angle Measurement Models 

Many of  the s t e p s  i n  t h i s  computational procedure a r e  i d e n t i c a l  t o  those used 
f o r  the  two X-Y angle models, and the  procedure f o r  computation of the  e l e v a t i o n  
ang le ,  E, is used i n  a l l  of the r e f r a c t i o n  cor rec t ion  models of sec t ion  3.5. For 
these  reasons,  the  s t e p s  i n  t h i s  computational procedure a r e  numbered ( I ) ,  ( 2 ) ,  
e t c . ,  so t h a t  they may be referenced i n  subsequent s e c t i o n s .  

The computational procedure is a s  follows: 

( 1 )  Provide IDOP, t ~ ,  and the inpu t s  l i s t e d  above t o  the  l i g h t  time algori thm 
( s e c .  3.4) and obta in  the outputs :  



At(p) ; ( p  = 1 ) = Signal  delay times 
- 
R p , t p  ; ( p  = 1,2)  = Posi t ion (M50 coordinate)  and epoch of each point  on 

s i g n a l  path 

( 2 )  Compute the rece ive r  l e g  range vec to r .  

-+ 

( 3 )  Rotate p(REC) t o  ENU-topedetic coordinates using the  procedure o f  s e c t i o n  
3.6, and ob ta in  t h e  ENU components: 

( 5  ,TI , 5 )  = ENU-topodetic components of r ece ive r  l e g  range vector ,  
-). 

P(REC) 

4 Compute (uncorrected) e l eva t ion  angle: 

( 5 )  Compute azimuth angle:  

A E [0 ,21r], i . e . ,  negative angles  not allowed 

( 6 )  Provide E' , At( I ) , and the s t a t i o n  c h a r a c t e r i s t i c s  parameters l i s t e d  
above t o  the e leva t ion  r e f r a c t i o n  cor rec t ion  model ( s e c .  3.5.3.1) 
and obta in  the following: 

6E = e leva t ion  r e f r a c t i o n  cor rec t ion  

( 7 )  Compute the corrected A,E angles :  

A = A (no cor rec t ion  required)  



(8 )  Compute r e s i d u a l s  

D(A)  = GANGI - A i ~f I D I  > : recompute a s  
D(E) = G ~ ~ ~ 2  - E 

D+ D - 2n SIGN(D) 

The computational procedure is a s  follows : 

a .  Perform s t e p s  (1 )  through ( 4 )  of s e c t i o n  3.3.1 t o  obta in  the  following: 

At( I )  = Receiver l eg  delay time 

El = Elevation angle (uncorrected)  

( c , ~  ,<) = receiver  leg  range vector  components i n  ENU- 
topedet ic  coordinates .  

b . Compute (uncorrected) angles 

X ' N / S  [o, Zn]  

(i . e . ,  i f  a r c  tangent y i e l d s  a negat ive  ang le ,  add 2n) 

Y'N/S [o,zn] 

(i. e .  , i f  a r c  s i n e  y i e l d s  a negative ang le ,  add 2 ~ )  

c .  Provide E '  , A t (  I ) ,  and the s t a t i o n  c h a r a c t e r i s t i c s  parameters l i s t e d  
above t o  the e leva t ion  r e f r a c t i o n  cor rec t ion  model ( sec  . 3.5.3) and 
ob ta in  the  following : 

6E = e leva t ion  r e f r a c t i o n  cor rec t ion  

d .  Compute the  X N / S , Y N / S  r e f r a c t i o n  cor rec t ions :  



rl C 6E -COS XN/S SIN YN/S 6E 
6 Y ~ / s  = - - - 

(!2 + n2)1/2 ( r 2  + u2)1/2 [I - cos2 cos2 Y N / s ] ~ / ~  

e .  Compute the  corrected XN/s,YN/s angles:  

f .  Compute r e s i d u a l s  

D ( X N / S )  = G ~ ~ ~ l  - XN/S 
I f  ID1 > n : recompute a s  D -t D - 2n SIGN (Dl 

D ( Y ~ / ~ )  = G~~~~ - Y N / S J  

3.3.3 X E I W  Y E I W  Angle Measurement Models 

This computation is v i r t u a l l y  the  same a s  i n  the  previous sec t ion ;  only t h e  
forms of the equations fo r  the  computed angles  and t h e i r  r e f r a c t i o n  cor rec t ions  
a r e  changed. The computation procedure is a s  follows: 

a .  Perform s t e p s  (1 )  through ( 4 )  of sec t ion  3.3.1 t o  obta in  the  following: 

At(1) = Receiver l e g  delay time 

E' = Elevation angle (uncorrected ) 

( C , n , c )  = Receiver range vector  components i n  ENU-topodetic coordinates  

b .  Compute (uncorrected)  angles  

(i . e . ,  i f  a r c  tangent y i e l d  a negative ang le ,  add 2n) 



( i . e  . , i f  a r c  s i n e  y i e l d s  a nega t ive  a n g l e ,  add 2 ~ )  

c .  Provide  E l ,  A t ( l ) ,  and t h e  s t a t i o n  c h a r a c t e r i s t i c s  parameters  l i s t e d  above 
t o  t h e  e l e v a t i o n  r e f r a c t i o n  c o r r e c t i o n  model ( s e c .  3.5.3) and o b t a i n :  

6E = Eleva t ion  r e f r a c t i o n  c o r r e c t i o n  

d .  Compute t h e  X E / ~ , Y ~ / ~  r e f r a c t i o n  c o r r e c t i o n s  a s  fo l lows:  

-COS XE/W SIN YE/W 6E - 6 Y ~ / w  = - (c2 + n2) (n2 + c2)  [I-COS' XE/W COS yEIw] 'I2 

e  . Compute t h e  c o r r e c t e d  X E / ~ ,  Y E I W  ang le s :  

f  . Compute r e s i d u a l s  

D(XEIW) = G ~ ~ ~ l  - XE/W I 
I f  I D 1  > n : recompute a s  D - t  D - 211. SIGN(D) 

D ( Y E / ~ )  = G~~~~ - yEIWj 

3.4 LIGHT TIME ALGORITHM 

The l i g h t  time a lgo r i t hm computes t h e  time r equ i r ed  f o r  an e l ec t romagne t i c  s i g n a l  
t o  t r a v e r s e  t h e  d i s t a n c e  between two p o i n t s  i n  t h e  s igna l -pa th  c o n f i g u r a t i o n  
( i . e . ,  t h e  p o s i t i o n s  of  t h e  two p a r t i c i p a n t s  a t  t h e i r  t imes o f  p a r t i c i p a t i o n ) .  
The l i g h t  t ime problem is solved by us ing  an i t e r a t i v e  technique t o  compute t h e  
r e q u i r e d  t i m e s ,  p o s i t i o n s ,  and v e l o c i t i e s  f o r  t h e  p a r t i c i p a n t s  i n  each o f  t h e  
s i g n a l - p a t h  segments. The l i g h t  time a lgo r i t hm is app l i ed  s u c c e s s i v e l y  t o  each 
l e g  o f  t h e  s i g n a l  p a t h ,  beginning wi th  t h e  last  l e g ,  where t h e  r e c e i v e r  t ime ,  po- 
s i t i o n ,  and v e l o c i t y  a r e  known. 



The d i r e c t  t racking da ta  conf igurat ion ( f i g .  1 ) provides the  s imples t  example of 
the  l i g h t  time problem so lu t ion .  In  t h i s  t r ack ing  conf igurat ion,  a s i g n a l  i s  
s e n t  from a ground t r ansmi t t e r  a t  time t 3 ;  it is received and re t ransmit ted  
from the spacecra f t  a t  time t 2 ,  and is subsequently received a t  a  ground 
receiving s t a t i o n  a t  time tR. S t a r t i n g  with the  known recept ion time t ~ ,  the  
l i g h t  time equation is solved by an i t e r a t i v e  technique f o r  t h e  signal-path seg- 
ment from the spacecra f t  t o  the  receiving s t a t i o n  ( t h i s  path segment is  
sometimes re fe r red  t o  a s  the  rece ive r  l e g ) .  This provides t h e  time of p a r t i c i p a -  
t i o n  of the spacecra f t  t2. Given t 2 ,  the l i g h t  time equation is solved i t e r -  
a t i v e l y  f o r  the s ignal -path  segment from the  spacecra f t  t o  the  ground t r ans -  
mi t t ing  s t a t i o n  ( t h i s  path segment is sometimes re fe r red  t o  a s  the  t r a n s m i t t e r  
l e g ) .  This provides the  time of p a r t i c i p a t i o n  of the  ground t r a n s m i t t e r  t3. 
The pos i t ion  vectors  of the var ious  p a r t i c i p a t i n g  elements a t  t h e i r  time of  par- 
t i c i p a t i o n  a r e  output  by the  l i g h t  time algori thm a s  a by-product of t h e  i t e r a -  
t i o n  procedure. 

The same techniques and procedures a r e  used f o r  the  re lay  data  conf igurat ion 
( f i g .  2 )  but a r e  more complicated i n  t h a t  f i v e  signal-path segments a r e  involved. 

The l i g h t  time algori thm requ i res  the  a c t u a l  data  measurement time tR,  s t a t i o n  
c h a r a c t e r i s t i c s  information f o r  each of the  p a r t i c i p a t i n g  ground s t a t i o n s ,  the  
appropr ia te  spacecra f t  ephemerides, and a t r ack ing  d a t a  conf igurat ion f l a g .  A l l  
output  vectors  a r e  referenced t o  the Aries mean-of-1950 (M50) Car tes ian  coordi-  
nate  system. 

a .  S igna l  path configurations 

The l i g h t  time algori thm is capable of processing d i r e c t  (two-way and three-way) 
and relayed (two-way/three-way and hybrid) da ta .  These four conf igurat ions  can 
be reduced t o  two by implementing the assumption t h a t  ( 1 )  both the  rece ive r  and 
the  t r ansmi t t e r  parameters s h a l l  be addressed even i f  they a r e  the same, and (2)  
both TDRS ephemerides s h a l l  be addressed even i f  they a r e  the  same. 

In  the  re lay  t racking conf igurat ion,  the l i g h t  time algori thm computes the  s i g -  
na l  times f o r  each of the  normal four signal-path l e g s  ( f i g .  2 ) ;  however, t h e  
TDRS system requ i res  t h a t  an ex t ra  " f i f t h  leg"  l i g h t  time be computed. (This  
e x t r a  f i f t h  l e g  corresponds t o  the p i l o t  tone s i g n a l  t h a t  is s e n t  from t h e  
rece ive r  (point  6 i n  s i g n a l  path of f i g u r e  2)  t o  the  re turn- l ink TDRS ( p o i n t  2 
on the  s i g n a l  path of  f i g u r e  2)  and is subsequently re turned t o  the  rece ive r  a t  
normal data  receive  time t~ . ) 
The two t racking conf igurat ions  ( d i r e c t  and r e l a y )  a r e  presented i n  f i g u r e s  1 
and 2.  



The indexes p used f ~ t h e  p a r t i c i p a t i n g  p o i n t s  a long  t h e  s i g n a l  pa th  and t h e  
a p p l i c a b l e  ephemeris  EPH ( I )  a r e  de f ined  i n  t h e  fo l lowing  t a b l e :  

! ! ! ! 
!Tracking ! ! P a r t i c i p a t i n g  p o i n t  index  ! 
! con f igu ra t ion  ! IDOP ! ! ! ! I ! 
! ! ! 1 2  3 ! 4 5 6 1  
! ! ! ! ! ! ! ! ! 
! ! ! ! ! ! ! ! 
!Direc t  ! 0 ! REC! VEH !TXM ! ! ! ! 

!Relay ! 1 ! REC !TDRS-2 ! VEH ! TDRS-I! TXM ! REC ! 
! ! ! I ! ! ! ! ( f o r  ! 
! ! ! ! =(2)!  EPH(2)! =(3)!  ! p i l o t !  
! ! ! ! ! ! ! ! t one ) !  
! ! ! ! ! ! ! ! ! 

Note: For r e l a y  t r a c k i n g ,  t h e r e  a ~ a l w a y s  t=TDRS ephemerides;  i n  t h e  ca se  
o f  two-way r e l a y  t r a c k i n g ,  EPH(1) and EPH(3) a r e  t h e  same. 

b .  Input  parameters  r equ i r ed  f o r  l i g h t  t ime a lgo r i t hm 

IDOP = Flag  t h a t  i d e n t i f i e s  t r a c k i n g  c o n f i g u r a t i o n  

0 = d i r e c t ,  1  = r e l a y  

tR = Measurement time at  r e c e i v e r  

( X R ,  ~ G R  ,ZGR ,@DR) Receiver  coo rd ina t e s  

= l ong i tude  e a s t  o f  Greenwich 

rG = d i s t a n c e  from Ear th  po l a r  a x i s  

ZG = d i s t a n c e  above equa to r  

@D = g e o d e t i c  l a t i t u d e  

( X X , r G X , Z G X , + D X )  = Transmi t t e r  coo rd ina t e s  

- 
EPH(1) = Nine-point ephemeris t a b l e s  (roughly cen te red  a t  tR) t h a t  

con ta in  t ime ,  p o s i t i o n  (M50 c o o r d i n a t e ) ,  and v e l o c i t y  (M50 
coo rd ina t e )  o f  t he  o r b i t i n g  s a t e l l i t e s  i n d i c a t e d  by t h e  
index ( I) . 



For IDOP = 0 : 
- 
EPH(1) = t a r g e t  veh ic le  ephemeris 
t a b l e s  f o r  I = 2 ,3  a r e  blank 

For IDOP = 1 : 
- 
EPH( 1 ) = TDRS-2 ephemeris 
- 
EPH(2) = t a r g e t  veh ic le  ephemeris 
- 
EPH( 3 )  = TDRS-1 ephemeris 

Parameters obtained from system i n t e r f a c e s :  

w = Mean s i d e r e a l  Earth r a t e  

C = Velocity of l i g h t  

[RNP] = Matrix t h a t  transforms from M50 coordinates  t o  TEI c o ~ r d i n a t e s  
a t  the  requested time of i n t e r e s t .  

3.4.7 Receiver Pos i t ion  Computation 
- 

' The rece ive r  pos i t ion  vector  R1 ( i n  M50 coordinates)  is computed a t  the  rece ive  
t ime t ~ .  The coordinate systems and transformations used here a r e  defined i n  
volume X I V  of these  requirements. 

From the receiver  parameters ( A R ,  PGR ,ZGR ,$DR 1, compu$e the rece ive r  pos i t ion  
-+ 

PREC i n  T E I  coordinates :  

I GRCOS ( A R  + W t R )  

GR s i n  ( A R  + " t R )  

Rotate RREC t o  M50 coordinates ,  using the  [RNP] matrix f o r  time tR. 

3.4.2 Computation o f  Signal  Delay Times 

These computations a r e  e s s e n t i a l l y  the same f o r  both d i r e c t  and re lay  t r ack ing .  
The s i g n a l  times h t ( p )  f o r  each l e g  of the  s i g n a l  path (beginning with p = 1 ,  
where the receiver  time tR is known) a r e  computed v i a  the i t e r a t i v e  procedure 
defined i n  sec t ion  3 .4 .3 .  Except f o r  the  f i n a l  ( t r a n s m i t t e r )  l eg  of the s i g n a l  



pa th ,  M50 coordinates m e  used. For t h i s  f i n a l  l e g ,  the t r ansmi t t e r  pos i t ion  is 
computed i n  T E I  coordinates ,  and t h e  s i g n a l  time i t s e l f  is computed using these  
coordinates .  For r e lay  t racking (IDOP = I ) ,  an a d d i t i o n a l  delay time At(5) is 
computed ( t h i s  is the time assoc ia ted  with t h e  t ransmit ted  p i l o t  tone s i g n a l  
from the receiver  t o  TDRS-2). 

a .  Computation of  At(p) f o r  a l l  but f i n a l  s i g n a l  legs :  

For d i r e c t  t racking (IDOP = O), compute At(1): 
t - 

(1 )  In te rpo la te  the values of the  components of  R2(tR) from EPH(1) 

(2)  I n i t i a l i z e  the i t e r a t i v e  computation of  sec t ion  3.4.3 wi th  

- - - 
= t R y  R(O) = R2(tR) ,  RA = Rl( tR)  and obta in:  

A t  ( 1 ) = Signal  delay time 

t2 = t - A t  ( 1 ) , Time of vehic le  p a r t i c i p a t i o n  
- 
R2(t2) = Posi t ion of veh ic le  a t  time t 2  

For r e lay  t racking (IDOP = 1 1, compute A t  ( I ) , A t  (2  1, A t  ( 3 )  : The following pro- 
cedure is applied success ively  f o r  p = 1 , 2 , 3  using the  r e s u l t s  from the  previ-  
ous computation t o  i n i t i a l i z e  the  cur ren t  computation. (This procedure w i l l  be 
recognized a s  the  genera l i za t ion  of t h a t  given above f o r  d i r e c t  t racking. )  

Compute the following f o r  p = 1 ,2 ,3 .  
- - 

I n i t i a l  values: tl = tR , R l (  t = R1 

+- 
( I ) In te rpo la te  Rp+, ( t p )  from =(PI 

(2)  I n i t i a l i z e  the i t e r a t i v e  computation of  sec t ion  3.1.6 wi th  
- - - 

tA = t ,  R(0) = Rp+l ( tp ) ,  RA i Rp(tp) and ob ta in  

At(P) = s i g n a l  delay time 

tp+ I = time of p a r t i c i p a t i o n  of point  p+l 
- 
Rp+1(tp+,) = p o s i t i o n  (M50 coordinate)  of  point  p+l a t  p a r t i c i -  

pat ion time 

b .  Computation of A t  fo r  f i n a l  s i g n a l  leg:  

This computation is the same f o r  both d i r e c t  and r e l a y  t r ack ing  with t h i s  un- 
derstanding i n  the equations t h a t  follow. 



For d i r e c t  t racking (IDOP = 0) : m = 2 

For r e lay  t r ack ing  (IDOP = 1 )  : m = 4 

- 
( 1 ) Compute t r ansmi t t e r  pos i t ion  ( i n  TEI coordinates)  a t  time 

Use the  t r ansmi t t e r  p a r a m e t e r ~ ~ ~ ~ l l ~  A rGX ,ZGX, t o  obta in  

~ G X  cos (AX + w t m )  
- 
p ~ x ~ (  'm) = Ir GX s i n  (AX + w t m )  1 

(2)  Rotate t h e  M50 posi t ion vector Rm(tm) t o  TEI coordinates;  
use [RNP] matr ix  f o r  time tm. 

( 3 )  I n i t i a l i z e  the  i t e r a t i v e  computation of s e c t i o n  3.4.3 with 

- - - - 
tA = tm, R(0) = PTXM(tm), R A  = Pm(tm) and ob ta in  t h e  following: 

At(m+l) = Signa l  delay time f o r  t r ansmi t t e r  l e g  

tm+l = Time of p a r t i c i p a t i o n  of point  m=l ( t r a n s m i t t e r )  
- 
Pm+l(t,l) = Posi t ion (TEI coordinate)  of point  m+l a t  time tm+1 

(4) Rotate t r a n s m i t t e r  pos i t ion ,  ~ m + l ( t m + l )  t o  M50 coordinates 

c. Computation of At(5) f o r  r e l ay  t racking;  

For r e lay  t racking (IDOP = 1) cases only,  the  p i l o t  tone delay time At(5) is 
computed using t h e  same procedure a s  defined above f o r  the  f i n a l  s i g n a l  l eg .  
Recall  t h a t  t2, R2(t2)  and PREC(tR) have a l ready been computed. (For conven- 
ience ,  s e t  p = 5 f o r  use i n  the  i t e r a t i v e  computation of sec t ion  3.4.3.) 



- 
(1) Rotate the  M50 pos i t ion  vector R2(t2) t o  TEI coordinates ;  use [RNP] 

matrix f o r  time t2. 

(2)  I n i t i a l i z e  the  i t e r a t i v e  computation of sec t ion  3.4.3 with 
- - 

tA = t2, B(0) = pREC(xR),BA = P2( t2 )  and obta in  t h e  following: 

At(5) = Signal  delay time 

t 6  = Time of p a r t i c i p a t i o n  of r ece ive r  fo r  p i l o t  tone t ransmit  
- 
P6( t6 )  = Posi t ion (TEI coordinates)  of receiver  a t  time t 6  

- 
( 3 )  Rotate the  pos i t ion  vector P6( t6 )  t o  M50 coordinates  

Computation of t a r g e t  veh ic le  ve loc i ty  (M50 coordinates)  q t  veh ic le  pa r t i c ipa -  
t i o n  time: 

The posi t ion and ve loc i ty  of the  t a r g e t  vehic le ,  a t  veh ic le  p a r t i c i p a t i o n ,  w i l l  
be required f o r  l a t e r  computations. The vehic le  pos i t ions  have a l ready been 
pbtained; they a r e  

- 
R2(t2) f o r  IDOP = 0  
- 
R3(t3) f o r  IDOP = I 

The appropr ia te  ephemeris is in te rpo la ted  t o  ob ta in  the  corresponding v e l o c i t i e s  

For IWP = 0  : I n t e r p o l a t e  =( 1 ) a t  time t 2  t o  ob ta in  V2( t 2 )  ; 

For IDOP = 1 : I n t e r p o l a t e  m ( 2 )  a t  time t3 t o  obta in  V3(t3) 

3.4.3 I t e r a t i v e  Computation Procedure 

The inputs  required t o  i n i t i a l i z e  the  i t e r a t i v e  computation of A t  a r e  defined 
i n  sec t ion  3,4.2 above. The symbols used here (and i n  s e c t i o n  3.4.2) a r e  

tA = Known time of f ixed end point  



- 
RA = Known posi t ion of f ixed end point  ( a t  time t A )  
- 
R(0) = I n i t i a l  es t imate  of "unknown" end-point p o s i t i o n  

IDOP and p = Flags t h a t  i n d i c a t e  the  ephemeris or  s t a t i o n  parame- 
t e r s  t o  be used ( t a b l e  3.4.3-1) 

The outputs  of the i t e r a t i v e  computation a r e  a s  follows: 

A t  = Signal  delay time 

- 
R ( t )  = F i n a l  (converged) s o l u t i o n  f o r  unknown end-point pos i t ion  

The computation procedure depends on whether the  unknown end point  i s  an 
o r b i t i n g  s a t e l l i t e  o r  a ground s t a t i o n .  The required l o g i c a l  decis ion can be 
made with the a i d  of t a b l e  3.4.3-1. 

TABLE 3.4.3-1.- COMPUTATION PROCEDURE 

! ! ! ! ! ! ! 
! ! ! ! ! ! ! - 
!IDOP = 0 ! EPH( 1 ) ! TXM ! ! ! ! 
I ! I ! ! ! ! 
! ! - P 

! ! , ! ! 
!IDOP= 1 ! EPH(1)!  EPH(2) I  EPH(3)!  TXM ! REC ! 
I I ! ! ! ! ! 

- 
If the  combination of  "values" of  IDOP and p i n d i c a t e  an ephemeris EPH(x), 
t h a t  ephemeris is t o  be used i n  the  computations. If  a ground s t a t i o n ,  REC o r  
TXM, is indicated by t a b l e  3.1.6, the  ind ica ted  " s t a t i o n  parameters" a r e  t o  be 
used i n  the computations. 

a .  If the  unknown end point  is an o r b i t i n g  s a t e l l i t e  ( t a b l e  3.4.3-1 i n d i c a t e s  
EPH(x)), the following computation procedure is used f o r  the  jth i t e r a t i o n .  

- 
p ( j )  = lz( j-I)  - R A I  

A t ( j )  = p ( j ) / C  (C v e l o c i t y  of l i g h t )  

t ( j )  = t, - at (  j> 



I n t e r p o l a t e  R( j) , a t  time t (  j )  , from iBT(x) 

Test:  If I t ( j )  - t ( j - I ) !  < 3 x 1 0 ~ ~ 3  H R ,  o r  j = 6 ,  cease computation 
and s e t  output values as follows: 

Otherwise: Repeat computations with j + j+l  

b. I f  the  "unknown" end po in t  is a  ground s t a t i o n  ( t a b l e  3.4.3 i n d i a a t e s  REC 
o r  TXM), the following computation procedure is used f o r  the  jth i t e r a t i o n .  

Use indicated " s t a t i o n  parameters" ( X , r G  ,ZG,+D), t o  compute 

Test:  If ( j )  - t j - )  < 3 x 1 0 " ~ ~  H R ,  or  j = 6 ,  cease computation 
and s e t  output values a s  follows: 



3.4.4 -- Outputs from Light  Time Algorithm 

The o u t p u t s  from t h e  computations of  t h i s  s e c t i o n  a r e  as fo l lows:  

a .  t ( p )  = Signa l  de lay  t imes  f o r  each l e g  o f  s i g n a l  pa th .  

For IDOP = 0 : p = 1.2  

For IDOP = 1 : p = 1 , 2 , 3 , 4 , 5  
- 

b .  VQ(tQ) = Veloci ty  (M50 c o o r d i n a t e )  o f  t a r g e t  v e h i c l e  a t  p a r t i c i p a t i o n  t ime tg. 

For IDOP = 0 ; Q = 2 

For IDOP = 1 : Q = 3 
- 

c . Rp(  tp) , tp = Pos i t i on  (M50 c o o r d i n a t e s )  and epoch o f  a l l  p o i n t s  on s i g n a l  
pa th  a t  p a r t i c i p a t i o n  time tp. 

For IDOP = 0 : p = 1 , 2 , 3  

For IDOP = 1 : D = 1 , 2 , 3 , 4 , 5 , 6  

w: The time t l  corresponds t o  t h e  r e c e i v e r  measurement t ime t ~ ,  which is 
an i n p u t .  See s e c t i o n  3.4 f o r  a  summary d e f i n i t i o n  o f  t h e  p a r t i c i p a t i n g  
p o i n t  i n d i c e s  f o r  t h e  d i r e c t  and r e l a y  t r a c k i n g  c o n f i g u r a t i o n s .  

3 .5 REFRACTION CORRECTION MODELS 

The r e f r a c t i o n  c o r r e c t i o n  models f o r  range ,  Doppler,  and e l e v a t i o n  ang le  measure- 
ments a r e  g iven  i n  t h i s  s e c t i o n .  The i n p u t s  r equ i r ed  t o  e x e r c i s e  each of t h e s e  
models a r e  provided i n  t he  cor responding  measurement models (set. 3.1 , 3 . 2 ,  
3 .3)  

A complete list of  i n p u t  parameters  f o r  t h e  r e f r a c t i o n  c o r r e c t i o n  models is a s  
fo l l ows :  

a .  IDOP = Flag t h a t  de f ines  t r a c k i n g  con f igu ra t ion  

b. S t a t i o n  c h a r a c t e r i s t i c s  

NR = Ref rac t ion  modulus a t  r e c e i v e r  

HR = Atmospheric s c a l e  he igh t  f o r  r e c e i v e r  

MX = Refrac t ion  modulus a t  t r a n s m i t t e r  

HX = Atmospheric s c a l e  he igh t  f o r  t r a n s m i t t e r  



These parameters a r e  s to red  a s  average values f o r  each calendar month 
of  the year .  For a d i f f e r e n t i a l  co r rec t ion  (o r  r e s i d u a l  computation) 
for  a given data  a r c ,  the values of these parameters v a l i d  f o r  the  anchor 
time of t h a t  data  a r c  a r e  used f o r  a l l  computations; i . e . ,  it is not 
necessary t o  "switch" values wi thin  a data  a r c  t h a t  conta ins  oh of  the  
f i r s t  day of a month. 

c .  S ta t ion  loca t ion  parameters 

(used f o r  M50 t o  ENU-topodetic t ransformat ion)  

,rGR ,ZGR,$DR) = Receiver parameters 

(XX,~GX9ZGX,$DX) = Transmitter  parameters 

d . Parameters obtained from system i n t e r f a c e s  

C = Velocity of l i g h t  

Ro = Equatorial  r ad ius  of reference e l l i p s o i d  

e .  Inputs  f o r  range r e f r a c t i o n  correct ion model 

(computed i n  sec t ion  3.1 ) 

+ 
PREC, tREC = Receiver l e g  range vector (M50 coordinate)  and time 

+ PTXM, tTXM = Transmitter l eg  range vector  (M50 coordinate)  and time 

f .  Inputs  f o r  Doppler r e f r a c t i o n  correct ion model 

(computed i n  sect ion 3.2) 

+ ( s )  (s )  P R E ~ ,  tREC = Receiver l eg  range vector (M50 coordinate)  and time fo r  
s t a r t  time of count i n t e r v a l  

+ ( e l  ( e l  pREC,tREC = Receiver l eg  range vector (M50 coordinate)  and time f o r  end 
time of count i n t e r v a l  

+(s)  (3)  P T X M ~ ~ ~ ~ ~  = Transmitter leg  range vector (M50 coordinate)  and time f o r  
s t a r t  time of count i n t e r v a l  



+ ( e )  (s)  P T X M , ~ ~ ~  = Transmitter  l e g  range vector  (M50 coordinate)  and time f o r  
end time of  count i n t e r v a l  

+ ( s )  (5 )  P P L T , ~ ~ ~ ~  = Receiver t o  TDRS-2 range vector  (M50 coordinate)  and time 
for  s t a r t  time of count i n t e r v a l  (IDOP = 1 only) 

+ ( e l  ( e >  p p L ~ , t p L T  = Receiver t o  TDRS-2 range vector  (M50 coordinate)  and t ime 
fo r  end time of count i n t e r v a l  (IDOP = 1 only) 

g . Inputs  f o r  e l eva t ion  r e f r a c t i o n  correct ion model 

(computed i n  sec t ion  3.3) 

E '  = Geometric e l eva t ion  angle f o r  r ece ive r  l e g  

~t ( I  ) = Signal  time f o r  receiver  l eg  

3.5.1 Range Refraction Correction Model 

Range r e f r a c t i o n  cor rec t ions  f o r  the  receiver  and t r ansmi t t e r  l egs  a r e  computed 
from the  following procedure: 

-k 4. 
a .  Rotate the receiver  and t r ansmi t t e r  range vec to r s ,  PREC and P ~ M ,  t o  ENU- 

topodet ic  coordinates using the procedure of s e c t i o n  3.6. Obtain the  follow- 
i n g  ENU components: 

-k 

( 6 ,  ,,, c, = ENU-topodetic components of p(REC) 

( 6 ,  n,  ,)TXM = ENU-topodetic components of G(TXM) 

b. Compute the  geometrical  e l eva t ion  ang les ,  E '  (REG) and E1(TXM), from t h e  ENU 
components. Each of these  e leva t ions  is given by: 

(Note: This computation is the same a s  s t e p  ( 4 )  of  sec t ion  3.3.1) 

c .  Compute the  approximate range cor rec t ions  GpA(REc) and G ~ A ( T X M )  from t h e  
equations : 



6pA(REC) = 2 NR HR 

[sin2 E ' (REC) + 2 HR/R, ]'/z + s i n  E ' (REC)  

GpA(TXM) = N~ H~ 
[sin2 E '  (TXM) + 2 H X / R ~ ]  + s i n  E '  (TXM) 

i 

d .  Compute the range cor rec t ions ,  Gp(REC) and Bp(TXM) from: 

3.5.2 Doppler Refraction Correction Model 

For the  differenced-range Doppler models of s e c t i o n  3.1.2, the  range r e f r a c t i o n  
cor rec t ions  (corresponding t o  both the  " s t a r t w  and "endN times of the count 
i n t e r v a l )  a r e  required f o r  each s i g n a l  l e g  connected t o  a ground s t a t i o n .  

For d i r e c t  t racking (IDOP = 01, the procedure of s e c t i o n  3.5.1 (range r e f r a c t i o n  
model) is applied twice;  once f o r  the  end time of  the  count i n t e r v a l ,  and once 
f o r  the s t a r t  time of the count i n t e r v a l .  A s  i n  the  case  of  the measurement 
models, the re  a r e  o f t en  computations t h a t  may be used f o r  the  following: 

a. The Doppler measurement time t ~ ,  = t l ( e )  w i l l  o f t e n  be the same a s  a range 
measurement time. The range r e f r a c t i o n  cor rec t ions  corresponding t o  t h i s  
time can be used f o r  both the range and Doppler models. 

b. For contiguous Doppler measurements, the  range r e f r a c t i o n  cor rec t ions  f o r  
t h e  s t a r t  time of a given count i n t e r v a l  w i l l  be the  same a s  those f o r  thq 
end time of the previous i n t e r v a l .  

For r e lay  t racking (IDOP = I ) ,  the comments above apply ,  with the a d d i t i o n a l  com- 
puta t ion of the  range r e f r a c t i o n  cor rec t ions  ( s t a r t  and end times) f o r  the  p i l o t  
tone s i g n a l  leg .  

The computational. procedure is a s  follows.  It is understood t h a t  each computa- 
t i o n  app l i e s  to  both the s t a r t  and end time of the  count i n t e r v a l ,  so t h a t  the  
s u p e r s c r i p t s  (s)  and ( e )  have been omitted.  



a .  Rotate the input  range vectors  t o  ENU-topodetic coordinates  using the  proce- 
dure of s e c t i o n  3.6. Obtain t h e  following sets ( f o r  both s t a r t  and end 
t imes) of  ENU components : 

-b ( c  , q , c)REC = ENU-topodetic components of p(REC) 

(c  ,q , c)TXM = ENU-topodetic components of $ (TXM) 

-b (c  ,q, c)PLT = ENU-topodetic components of p(PLT) 

f o r  IDOP = 1 only 

b . Compute the  geometrical  e l eva t ion  angles  

E1 (REC) f o r  s t a r t  and end times 

E 1  (TXM) f o r  s t a r t  and end t imes 

E '  (PLT) f o r  s t a r t  and end times (IDOP = 1 only) 

Each of these  e leva t ions  is given by the  following: 

(Note: This computation is the  same a s  s t e p  ( 4 )  of s e c t i o n  3.3.1 ) 

c .  Compute the  approximate range cor rec t ions  f o r  s t a r t  and end t imes a s  
follows : 

GpA(REC) = NR HR 

[sin2 E ' (REC) + 2 H ~ / R ~ ] ~ / ~  + s i n  E ' (REC) 

GpA( 'FXM = N x  HX 

F i n 2  E1 (TXM) + 2 H ~ / R , ]  + s i n  E ' (REC)  

GpA(PLT) = NR HR 

[sin2 E'(PLT) + 2 H~IR,]  + s i n  E ' (PLT) 

( f o r  IDOP = 1 only 



d.  Compute the range correct ions  ( f o r  s t a r t  and end t imes) from: 

( f o r  IDOP = 1 only)  

a = .27x108,  b = 1 . 4 ~ 1 0  6 

The t o t a l i t y  of range cor rec t ions  (with start and end time supersc r ip t s  re-  
s to red)  used i n  the  Doppler measurement models of s e c t i o n  3.2 a r e  a s  f'ollow3: 

3.5.3 Elevation Refraction Correction Model 

The e levat ion r e f r a c t i o n  correct ion 6E a p p l i e s  d i r e c t l y  t o  A , E  angles  ( s e c .  
3 .3 .1) .  For X,Y angles  ( s e c .  3.3.2 and 3 .3 .3) ,  t h e  r e f r a c t i o n  cor rec t ion  
a r e  simple functions of 6E, and a r e  given i n  these  sec t ions .  

Recall ing t h a t  angle measurements apply only t o  t h e  rece ive r  l e g ,  the  comput- 
a t i o n a l  requirements a r e  a s  follows : 

a .  Compute a empir ica l  f a c t o r s  A , B , C :  

a o ,  a 2 ,  bo, b l ,  b2, C O ,  c l ,  c2 ,  a r e  system parameters 



b . Compute e leva t ion  r e f r a c t i o n  correct ion:  

6E = NR cos  E '  [I + A exp (-B s i n  E')] 

(1-C) [sin2 E '  + 2 + C s i n  E '  

Ro 
1 - - [(sin2 E' + ~ H ~ / R , )  'I2 - s i n  E 

P "I 
3.6 M50 TO ENU-TOPODETIC TRANSFORMATION 

This transformation is used i n  the OCM angle  measurement models and i n  a l l  of 
the  r e f r a c t i o n  cor rec t ion  models. The coordinate systems (and transformation) 
a r e  defined i n  d e t a i l  i n  volume X I V  o f  these  requirements. The formal computa- 
t i o n  procedure is given here .  

The inpu t s  required for  t h i s  transformation ( a s  used by the  OCM) a r e  a s  follows: 

+ 
a .  p , t  = r e l a t i v e  vector  (M50 coordinate)  and assoc ia ted  time 

+ 
b. (X,rG,ZG,i$D) = geodet ic  coordinates of o r i g i n  of the  vector  p 

(ground s t a t i o n  coordinates)  

X = longitude e a s t  of Greenwich 

rg = dis tance  from Earth sp in  a x i s  

ZG = dis tance  above Earth equator 

+D = geodet ic  l a t i t u d e  

c .  Parameters obtained from system i n t e r f a c e s  

w = Mean s i d e r e a l  Earth r a t e  

[RNP] = M50 t o  T E I  t ransformation matrix f o r  time t .  

The computational procedure is a s  follows: 



a .  Construct transformation matrix A ,  which transforms r e l a t i v e  vectors  from 
TEI t o  EbJ-topodetic coordinates .  

I 
-sin(A + wt) cos(A + w t )  0 

[A] = - s in  sD cos (A + a t )  -s in  $D sin(X + w t )  cos qD 

cos OD cos ( A  + w t >  cos OD s i n 0  + wt) s i n  +D I 
-b 

b. Compute ENU-topodetic components o f  p: 

4.0 INPUTS TO OCM 

The input  parameters supplied t o  the  OCM by the  user funct ion a r e  l i s t e d  
below. 

Parameter Description 

IDOP Flag t h a t  def ines  t r ack ing  conf igurat ion 

0 = d i r e c t  t r ack ing  ; 1 = r e l a y  t racking 

Nine-point ephemeris t a b l e s  

For IDOP = 0; 

EPH(1) = Target veh ic le  ephemeris 

Others blank 

For IDOP = 1: 

EPH( 1 )  = TDRS-2 ephemeris 

EPH(2) = Target vehic le  ephemeris 

EPH( 3 )  = TDRS-1 ephemeris 

Receiver locat ion parameters 

Transmitter  loca t ion  parameters 



Parameter Description 

N~ JR  Refraction modulus and atmospheric s c a l e  height  f o r  r e -  
ce ive r  

N~ pHx 
Refraction modulus and atmospheric s c a l e  height  f o r  
t r ansmi t t e r  

I D T ,  N R ,  N X ,  Flags used f o r  a p a r t i c u l a r  implementatiqn method 
SNR ,ST, REFIND (appendix A) 

Inputs  f o r  range measurement models 

t~ Range measurement time a t  receiver  

G~~~ Range measurement 

A~ Range ambiguity i n t e r v a l  (IDOP = 1 only) 

Inputs  f o r  Doppler measurement models 

t~ Doppler measurement time 
(end time of Doppler count i n t e r v a l  a t  r e c e i v e r )  

G~~~ Doppler measurement 

f Doppler count i n t e r v a l  

Reference frequency 

Doppler frequency model m u l t i p l i e r  

Offse t  frequency i n  Doppler ex t rac to r  

Return l i n k  TDRS t r a n s l a t i o n  frequency ( r e t u r n  l i n k  
p i l o t  tone frequency) 

b~ Doppler measurement b i a s  

Inputs  fo r  angle measurement models 

t~ Angle measurement time a t  r ece ive r  

I d e n t i f i e r  f o r  A 9 E  = azimuth and e leva t ion  
angle measurement 
type XN/S ,YN/S  = ang les  f o r  N/S antenna mount 

X E / W 9 Y E / W  = angles  f o r  E/W antenna mount 



Inputs  f o r  angle measurement models 

G ~ ~ ~ l  , G ~ ~ ~ 2  Angle measurements 

GANGl corresponds t o  azimuth or  an X angle 

GANG2 corresponds t o  e leva t ion  o r  a Y angle 

5.0 OUTPUTS FROM OCM 

The output parameters supplied by t h e  OCM t o  the  user  a r e  l i s t e d  a s  follows: 

Parameter Description 

Range measurements 

$P ytP Posi t ion (M50 coordinate)  and p a r t i c i p a t i o n  time f q r  
each point  s i g n a l  path  

For IDOP = 0 : p =. 1 , 2 , 3  

For IDOP = 1 : p = 1 ,2 ,3 ,4 ,5  

-f 

V~ Velocity (M50 coordinates)  of t a r g e t  veh ic le  a t  pa r t i c ipa -  
t i o n  time tg 

At(p) Signal  delay times f o r  each s i g n a l  path l eg  

For IDOP = 0 : p = 1,2  

For IDOP = 1 : p = 1 ,2 ,3 ,4  

S Computed range measurement ( i n  i n t e r n a l  d i s t ance  u n i t s  ) 
f o r  receiver  measurement time tR = t l  

D(S) Range r e s i d u a l  = Observed value - Computed value 

Parameter Description 

Range measurements 

E(  1)  Receiver leg  e l e v a t i o n  



Parameter Description 

Doppler measurements 

-f Rp(s) t (s) ' P Pos i t ion  (M50 coordinate)  and p a r t i c i p a t i o n  time f o r  
each point  on s i g n a l  path  

S p ( e )  , t p ( ~ )  Supersc r ip t  ( s ) :  s t a r t  time of  count i n t e r v a l  

Superscr ip t  ( e ) :  end time of count i n t e r v a l  

For IDOP = 0 : p  = 1 , 2 , 3  

For IDOP = 1  : p  = 1 ,2 ,3 ,4 ,5 ,6  

-f vQ(s) ,GQ(e) 
Velocity (M50 c  o rd ina t  ) of  t a r g e t  veh ic le  a t  p a r t i c i p a -  
t i o n  times tQ('? and t~ Fie) 

For IDOP = 0  : Q = 2  

For IDOP = 1  : Q = 3 

(p) , ~ t ( ~ ) ( p )  Signal  delay times f o r  each s i g n a l  path l e g  corresponding 
t o  s t a r t  and end times of count i n t e r v a l  

For IDOP = 0  : p = 1,2 

For IDOP = 1  : p  = 1 , 2 , 3 , 4 , 5  

f  Computed Doppler measurement f o r  rece i v e r  measurement time 
t~ = t ~ ( ~ )  (Units  of f  a r e  i n t e r n a l  frequency u n i t s  
assumed t o  be Hz) 

D(f) Doppler Residual: Observed value - Computed value 

E( 1)  Receiver l eg  e leva t ion  



78FM30 : X I  

Par ane t e r  Description 

Angle measurements 

bP , tP  Posi t ion (M50 coordinate)  and p a r t i c i p a t i o n  time f o r  
each point  on s i g n a l  path 

p = 1,2 ,  (IDOP = 0 only app l i e s )  

-t 

"2 Velocity (M50 coordinate)  of t a r g e t  vehic le  a t  pa r t i c ipa -  
t i o n  time t2 

A t  (p)  Signal  delay times f o r  each s igna l  path l e g  

p = 1 (IDOP = 0 only app l i e s )  

%T/D=(S, '1.5) Posi t ion components ( i n  ENU-topodetic coordinates)  of t h e  
rece ive r  l e g  range vector 

p2 Square of magnitude of r ece ive r  l e g  range vector 

A Transformation matr ix  f o r  measurement time tR = t l  
(from TEI t o  ENU- topodet ic)  

RNP Transformation matr ix  f o r  measurement time tR = t (from 
M50 t o  TEI) 

Computed azimuth and e leva t ion  angles f o r  r ece ive r  measure- 
ment time tR = t l  

'N/S 9 'N/S Computed X-Y angles  ( f o r  E/W antenna mount) f o r  r ece ive r  
measurement time tR = t l  

'E/W "E/W Computed X-Y angles ( f o r  E/W antenna mount) f o r  receiver  
measurement time tR = t1 

D(A) ,D(E) Angle Residuals = Observed value - Computed value 
f o r  angle measurement type processed 

D(XN/s),D(YN/s) 



6.0 CONSTRAINTS 

A l l  computations a r e  performed i n  double p rec i s ion .  

7 .0 SUPPLEMENTARY INFORMATION 

The observation computation module may be exerc ised by e i t h e r  t h e  d i f f e r e n t i a l  
co r rec t ion  module (DCM) o r  the  r e s i d u a l  computation processor (RCP). 
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APPENDIX A 

FLOW CHARTS FOR OCM MECHANIZATION 

The flow char ts  contained i n  t h i s  appendix present  a p a r t i c u l a r  mechanization 
of the  funct ional  requirements given i n  the  t e x t .  They a r e  included only 
a s  an a i d  t o  a s s i s t  i n  the  understanding of the  func t iona l  requirements. 
There i s  no impl ica t ion t h a t  the  mechanization shown is t h e  most e f f i c i e n t  
fo r  the  r e a l  time program, 

P a r t i a l  L i s t  of Symbols 

The symbols used i n  the  flow c h a r t s  a r e  genera l ly  the  same a s  those used 
i n  the  t e x t .  The exceptions a r e  noted i n  the  following list. 

Parameter Def ini t ion 

IDT Flag t h a t  s p e c i f i e s  da ta  type 

= 1 Azimuth angle 

2 Elevation angle 

7 Range 

8 Doppler 

X~~ , Y ~ ~  JTD ENU topodet ic  coordinates 

( S , l l , S )  is used i n  the  t e s t  

NR C Ind ica tes  the s e t  of r ece ive r  parameters: 

NX C Ind ica tes  the s e t  of t r ansmi t t e r  parameters : 

X X , r G X , Z G X , t J D X , N X , H X  

Refract ion cor rec t ions  ( 6 ~ ,  6~ used i n  t e x t )  



Parameter Def in i t ion  

-b 

R~ /S M 5 0  s t a t i o n  t o  veh ic le  r e l a t i v e  vec to r  

(;f is used i n  the t e x t )  

Receiver I D  

Transmitter  I D  

SNR Receiver I D  from previous c a l l  

ST Measurement time from previous c a l l  

n = 5 f o r  IDOP = 1 ; n = 3 f o r  I D O P  = 0 

I n t e r f a c e  t a b l e  fo r  the  OCM a r e  a l s o  contained i n  t h i s  appendix. 



i- ! !- ! 
t o  ! DCM !-> ! OCM ! INTERFACE TABLE 

! 1 ! ! 

! DCM parameter ! OCM parameter ! Unit ! Description ! 
! ! ! ! ! 
! ! ! ! ! 
! (Vol .VI1 ,  ! ! ! ! 
! t a b l e  V I )  ! (Sec. no.) ! ! ! 
I ! ! ! ! 

! IDOP 
! 
!EPH(I) 
I 

I xx 

! IDOP (3 .1 ,2 ,3)  ! Flag 
! ! 
! EPH(1) (3.4) ! I n t  

! 
! I n t  

! Xr ! I n t  
! r (3 .4 .5)  ! 
! ! 

! 1 = r e l a y  0 = d i r e c t  ! 
! ! 

! Nine-point ephemeris t a b l e s  ! 
! ! 
! Transmitter  loca t ion  parameter ! 
! ! 
! ! 
! ! 
! ! 
! Receiver loca t ion  parameter ! 
! ! 
! ! 

! I n t  ! Transmitter  r e f r .  modulus and ! 
1 ! s c a l e  height ! 

! NR ! I n t  ! Receiver r e f r .  modulus amd 
! ! ! sca le  height 
! HR (3 .5)  ! ! 
! ! ! 
! t~ (3 .1 ,2 ,3 )  ! I n t  ! Measurement time a t  r ece ive r  
! ! ! 
! GRNG ! I n t  ! Measurement value 
! GDOP (3 .1 ,2 ,3 ) !  Hz ! 
! GANG1 ! I n t  ! 
! GANG2 ! I n t  ! 
! ! ! 
! A R  (3 .1)  ! I n t  ! Range ambiguity i n t e r v a l  
! ! ! 
! T (3 .2)  ! I n t  ! Doppler count i n t e r v a l  
! ! ! 
! ~ N x  (3 .2)  ! Hz ! Reference frequency 
! ! ! 

! K ! K (3.2) ! I n t  ! Frequency m u l t i p l i e r  ! 
! ! ! ! ! 

! ("3 ! W3 (3.2)  ! Hz ! Offset  frequency i n  Doppler ! 
! t ! ! e x t r a c t o r  ! 



!- ! ! 
! DCM i %> ! OCM ! INTERFACE TABLE 
! ! ! ! 

! DCM parameter ! OCM parameter ! Unit ! Description ! 
! ! ! ! ! 
! ! ! ! ! 

! Hz ! Relay Doppler b i a s  (solve-for)  ! 
! ! ! 

! BFp ! (bFp) (3.2) ! Hz ! Return l i n k  TDRS t r a n s l a t i o n  ! 
! ! ! ! frequency ! 
! ! ! ! ! 
! I D T  ! IDT ! Flag ! Measurement type I . D .  ! 
! NR ! Flag ! Current r ece ive r  I . D .  ! 
! NX i : ) (App. A1  ! Flag I Curpent t r ansmi t t e r  1 .D. ! 
! SNR ! SNR ! Flag ! Receiver I D  from previous c a l l  ! 
!ST ! ST ! I n t  ! Measurement time from previous ! 
! ! I ! ! 
! ! ! I ! 
! ! ! ! ! 
! ! ! ! ! 

! ! ! ! ! 
! ! ! ! ! 
! ! ! ! I 

! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 



!- ! !- ! 
t o  ! OCM !- >!  DCM ! INTERFACE TABLE 

! ! ! ! ! 
! OCM parameter ! DCM parameter ! Unit ! Descr ip t ion ! 

I ! ! ! ! 
'+ !Rp , tp  ~ ? i ( ~ ) , t ( ~ )  ! I n t  ! M50 p o s i t i o n  and epoch of  par- ! 
! ! ! ! t i c i p a t i o n  of  each point  on ! 
! ! ! ! s i g n a l  path (corresponding t o  ! 
! ! ! ! measurement t ime,  t R )  I 

I ! ! ! ! - 
i?p(e)(3. 1 ,2 ,3 )  !V (App.A) ! I n t  ! Vehicle ve loc i ty  (M50) a t  vehic le!  
! ! ! ! p a r t i c i p a t i o n  ! 
! ! ! ! ! 

! ! 1 
!+ ( 5 )  
! Rp ! % P I ,  t ( p )  ! I n t  ! M50 pos i t ion  and epoch of  
! ! ! ! p a r t i c i p a t i o n  of each point  on 
! ! ! ! s i g n a l  path (corresponding t o  
! ! ! ! s t a r t  time of Doppler count 
! ! ! ! i n t e r v a l ,  a t  r ece ive r  t 1 ( ~ )  = 
! ! ! ! t a  - T I  

1. 

1 ! ! ! - 
'+ ! Vg (') (3 .2)  !V (App.A) ! I n t  ! Vehicle ve loc i ty  (M50) a t  
! ! ! ! veh ic le  p a r t i c i p a t i o n  

! ! ! ! 
( ~ t ( ? b )  !At(p) (App.A) ! I n t  ! Signa l  delay times f o r  each (p th )  ! 
! (3 .1 ,2 ,3)!  ! ! signal-path l eg  (corresponding ! 
! ! ! ! t o  measurement t ime,  t R )  ! 
! ! ! ! ! 
! ~ t ' ? i )  (3.2) !At(p) (App.A)! I n t  ! Signal  delay times f o r  each (pth)! 
I ! ! ! signal-path l eg  (corresponding ! 
! ! ! ! t o  s t a r t  time of Doppler count ! 
! ! ! ! i n t e r v a l )  I 
! ! ! ! ! 
!E(I)  (3.5) !E(I)  (App.A) ! I n t  ! Elevation angle f o r  ground l e g s  ! 
! ! ! ! ! 
!S (3.1) !G(3) ! I n t  ! Computed range measurement ! 
! ! ! ! I 

! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 



! 1 ! I . to ! OCM !-> ! DCM ! INTERFACE TABLE 

! OCM parameter ! DCM parameter ! Unit ! 
! ! ! ! 
! ! ! ! 

Description 

f (3.2) !G(4) ! Hz ! Computed Doppler measurement ! 
! ! ! ! ! 
!A,E (3.3) !G( 1) ,G(2) ! Int ! Computed angle measurement ! 
! ! ! ! ! 
!Xg/s,Yg/s (3.3) ,G(2) ! Int ! Computed angle measurement ! 
! ! ! ! I 
!XE/W,YE/W (3,3)!G(I),G(2) (App.A)! Int ! Computed angle measurement 
! ! ! ! 
!D(s) (3.1) !r (App.A) ! Int ! Measurement residuals ! 
! ! ! ! (observed-computed ) ! 
! ! ! ! ! 
!D(f) (3.2) ! ! ! ! 
! ! ! ! 
!D(A), D(E) ! ! .  ! ! 
! ! ! ! ! 

!D(XE/W> ,D(YE/W> ! ! ! 
! (3.3) ! ! ! ! 
! ! ! ! ! - 
! = , , I  !RTD(l) (App.A) ! Int ! Receiver leg range vector in ! 
! (3.3) ! ! I ENU-topodetic coordinate (for ! 
! ! ! ! angle measurements ) ! 
1 ! ! ! ! 
!p"3.3) !p2 (App-A) ! Int ! Square of magnitude of receiver ! 
! ! ! ! beg range vector (for angle ! 
! ! ! ! measurements ! 
! ! ! ! ! 
![A] (3.3) ! A  (App.A) ! Int ! Transformation matrix: From TEI ! 
! ! ! ! to ENU (for angle measurements) ! 
I ! ! ! ! 
! [RNP] (3.3) !RNP (App.A) ! Int ! Transformation matrix: From M50 ! 
! ! ! ! to TEI (for angle measurements) ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 



! ! I t o  ! OCM !->! RTRAN ! INTERFACE TABLE 
! ! ! ! 

! OCM parameter ! RTRAN parameter ! Unit ! Description ! 
! ! ! ! ! 
! ! ! ! ! 

! ! ! ! ! 
! ! I ! ! 
!t (3.4,5,6) ! ! In t  ! Time for which [RNP] is desired ! 
! ! 1 ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 

! ! ! ! 
! RTRAN !k>! OCM ! INTERFACE TABLE 

! RTRAN parameter ! OCM parameter ! Unit ! Description ! 
! ! ! ! ! 
! ! ! ! ! 
! (Sec. no) ! (Sec .no )  ! ! ! 
! ! ! ! ! 
! I ! ! ! 

! [RNP] (3 ,4 ,5 ,6)  ! In t  ! RNP-matrix for  desired time ! 
! ! ! ! ! 



! I ! 
! System I- I to > OCM ! INTERFACE TABLE 
! Param ! ! ! 

! ! ! ! I 

! System parameter ! OCM parameter ! Unit ! Description ! 
! ! ! ! 

! ! ! ! ! 
! (Sec .no )  ! (Sec. no) ! ! 
! 

! 
! ! ! ! 

! ! 
! 

! ! ! 
!C (3.1,2,3) ! I n t  ! S p e e d o f l i g h t  

! 
! 

! ! ! ! 
!W (3.4,5,6) ! I n t  ! Earth r a t e  (mean s iderea l )  ! 
! ! ! I 



!- ! ! ! to 
! OCM !-> ! RCP ! INTERFACE TABLE 
! ! ! -- ! 

! OCM parameter ! RCP parameter ! Unit ! Description ! 
! ! ! ! ! 
! ! ! ! ! 

!f (3.2) ! N /A ! Hz ! ComputedDoppler measurement ! 
I ! ! ! ! 
~ A , E  (3.3) ! N /A ! Int ! Computed angle measurement ! 
! ! ! ! ! 
!xN/s,YN/s (3.3) ! N/A ! Int ! Computed angle measurement ! 
! ! ! ! ! 

N/A ! Int ! Computed angle measurement 
! ! 

R ! Int ! Measurement residuals 
! ! (observed-computed) 
! ! 

R ! ! 
! ! 

R !. ! 
! ! 

R ! ! 
! ! 

R I ! 
! ! 
! ! 

N/A ! Int ! Receiver leg range vector in 
! ! ENU-topodetic coordinate (for 
! ! angle measurements 
! ! 

N /A ! Int ! Square of magnitude of receiver 
! ! leg range vector (for angle 
! ! measurements ) 

! ! ! ! ! 
! [A] (3.3) ! N/A ! Int ! Transformation matrix: From TEI ! 
! ! ! ! to ENU (for angle measurements) ! 
! ! ! ! ! 
! [RNP] (3.3) ! N/ A ! Int ! Transformation matrix: From M50 ! 
! ! ! ! to TEI (for angle measurements) ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 



! f t t o  
! OCM ! -) ! RCP ! INTERFACE TABLE 

! OCM parameter ! RCP parameter ! Unit ! Description ! 

! 
!+ ( e )  ( e )  ! -+ ! ! ! 
!Rp , tp R ! I n t  ! M50 pos i t ion  and epoch of  par- ! 
! ! ! ! t i c i ~ a t i o n  of each point  on ! 

! ! s i g n a l  path (corresponding t o  ! 
! ! measurement t ime,  t ~ )  ! 

! ! ! ! ! 
! ~ ~ ( ~ ) ( 3 .  1 , 2 ,3 )  ! N/A ! I n t  ! Vehicle ve loc i ty  (M50) at vehic le!  
! ! ! ! p a r t i c i p a t i o n  ! 
! ! ! ! ! 
I ! ! ! ! 

( 5 )  13, , t p  ( s )  ! 3 ! I n t  ! M50 pos i t ion  and epoch of I 

! ! ! ! p a r t i c i p a t i o n  of  each point  on ! 
! s igna l  path (corresponding t o  ! 
! s t a r t  time of  Doppler co n t  

YS) 
! 

! i n t e r v a l ,  a t  receiver  t l  = ! 
! t~ - T) ! -. 

! ! ! ! 
!-+ (5 )  
! Vg (3 .2)  ! N/A ! I n t  ! Vehicle ve loc i ty  (M50) a t  ! 
1 ! ! ! veh ic le  p a r t i c i p a t i o n  ! 

! ! I 

N/A ! I n t  ! Signal  delay times f o r  each (pth)!  
! ! signal-path l e g  (corresponding ! 
! ! t o  mebsurement t ime,  t ~ )  ! 
! ! ! 

N/ A ! I n t  ! Signal  delay times f o r  each (pth) ! 
! ! signal-path l eg  (corresponding ! 
! ! t o  s t a r t  time of Doppler count ! 
! ! i n t e r v a l )  ! 
! ! 

E ~ * E ~  ! I n t  ! Elevation angle f o r  ground 
! ! 

N/A ! I n t  ! Computed range measurement 
! ! 
! ! 
! ! 
! ! 
! I 

! ! 

I 

l e g s  ! 
! 
! 
! 
! 
! 
! 
! 
! 



I I I 
t o  

! 
! RCP !-> ! OCM ! INTERFACE TABLE 

! RCP parameter ! OCM parameter ! Unit ! Description I 

! ! ! ! I 

! ! ! I ! 

!IDOP (3.1) ! IDOP (3 .1 ,2 ,3)  ! Flag 
1 ! ! 
!=(I) (3 .1)  ! EPH(1) (3.4) ! I n t  

! !SCT (3 .1)  ! ! A x ]  t ! I n t  
!SCT (3 .1)  ! ~ G X  ! 
!SCT (3.1) ! Z G X  (3.4.5) ! 
!SCT (3 .1)  ! $ D X  ! 
! ! ! 
!SCT (3 .1)  !Ar ! I n t  

! I n t  
! 

!SCT (3 .1)  ! N R  ! I n t  
! ! 1 

!SCT (3.1) ! HR (3.5) ! 
! I ! 
!TR 3 1 . 1  ! t~ (3 .1 ,2 ,3 )  ! I n t  
! ! ! 
!G 3 . 1 1  ! GRNG ! I n t  
!G ( 1 . 1  ! GDOP (3.1 ,2 ,3)!  Hz 
!G ( 1 . 1 )  !GANG1 ! I n t  
!G 3 1 . 1 )  !GANG2 ! I n t  
! ! ! 
!AR 3 1 . 1  ! AR (3 .1 )  ! I n t  
! ! ! 
! T 3 1 . 1  ! (3 .2)  ! I n t  
! ! ! 
!VNX 1 ! V N X  (3 .2)  ! Hz 
! ! ! 

! 1 = re lay  0 = d i r e c c  
! 
! Nine-point ephemeris t a b l e s  

! Transmitter loca t ion  parameter 
! 
! 
! 
! 
! Receiver locat ion parameter 
! 
! 
! Transmitter r e f r .  modulus and 
! sca le  height 
I 

! 
! Receiver r e f r .  modulus and 
! s c a l e  height 
! 
! 
! Measurement time a t  receiver  

! Measurement value 
! 
! 
! 
! 
! Range ambiguity i n t e r v a l  
! 
! Doppler count i n t e r v a l  
! 
! Reference frequency 
! 

!K 3 1 . 1 )  ! K (3.2) ! I n t  ! Frequency mul t ip l i e r  ! 
! ! ! ! ! 
!u3 ( 1 . 1  ! w3 (3 .2)  ! Hz ! Offset frequency i n  Doppler ! 
! ! ! ! ex t rac to r  ! 



!- 1 !- ! . t o  
! RCP !->I OCM ! INTERFACE TABLE 
! ! ! ! 

! RCP parameter ! OCM parameter ! Unit ! Description ! 
! ! ! 1 ! 
! ! ! ! ! 
! (Sec, no. )  ! (Sec. no.) ! ! ! 
! ! ! ! ! 
! ! ! 1 ! 
!bD (3.1) ! b~ (3.2) ! Hz ! Relay Doppler b i a s  (solve-for)  ! 
! ! ! ! ! 
!bFp 3 . 1 .  I ! (bFp) (3.2) ! Hz ! Return l i n k  TDRS t r a n s l a t i o n  ! 
! ! ! ! frequency ! 
! ! ! ! ! 
! ! IDT ! Flag ! Measurement type I . D .  ! 
! ! NR ! Flag ! Current r ece ive r  I . D .  ! 
! ! NX (App. A) ! Flag ! Current t r a n s m i t t e r  I . D .  ! 
! ! SNR ! Flag ! Receiver I D  from previous c a l l  ! 
! ! ST ! I n t  ! Measurement time from previous ! 
! ! I I ! 
! ! ! ! ! 
1 ! ! ! ! 
! ! J .  ! 
! ! .. ! ! ! 
! ! ! 1 f 

! ! ! ! ! 
! ! ! ! ! 
! ! ! I ! 
! I ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
I ! ! ! ! 
! ! ! ! ! 
I ! ! ! I 

! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
! ! ! ! ! 
I ! ! ! ! 
! ! I ! ! 
! ! ! ! ! 
! ! ! ! ! 



AND LEG I N  THE OBSERVATION SIGNAL PATH FROM 
THE LIGHT TIME ALGORITHM (LTIME) --- ---------- 

INPUT: tR, IDOP, RNP, xR, rGR, ZGR, 

A,, r,,, ZGR, EPH(l) ,  EPH(Z), EPH(3). C 

OUTPUT: t ( p ) ,  K(P), V, ~ t ( p )  

D PRECOMPUTE REPETITIVE VALUES USING MSOTOP ------- ---- -- 

b2. c o p  cl, c2),  A ~ ( P ) .  E(1). n, c, IOOP 

Page 1 o f  3 

F i g u r e  A-1.- O b s e r v a t i o n  Computa t ion  Module (OCM) f l o w  diagram. 

A-13 



COMPUTEO AZIMUTH At10 ELEVATION. 
ADJUST COMPUTEO VALUE FOR REFRACTION. 

(USE AZIEL) 

I INPUT: KT0(,), d E ( l ) ,  IOT ,  0 

OUTPUT: E ,  A (LET Gc = E ,  A) 

COMPUTE REFRACTION CORRECTION FOR GROUND 
LEGS I N  SIGNAL PATH. 

ADJUST COMPUTED VALUE FOR REFRACTION. 
ADJUST COMPUTEO OBSERVATION FOR AMBIGUITY. 

Page 2 o f  3 

F i g u r e  A- 1 .- Cont inued .  

A-14 



I COMPUTE START TIME OF DOPPLER COUNTING INTERVAL. I I 
DETERMINE I F  START TIME I S  EQUAL TO END TIME OF PREVIOUS DOPPLER OBSERVATION. 

I F  EQUAL, SK IP  TO COMPUTE RANGE REFRACTION CORRECTION OF GROUND LEGS. 
OTHERWISE, CONTINUE I 1 

I I OBTAIN TIME (t'), POSITION(B' ), VELOCITY (V'), AND RANGE ( a t ' )  ASSOCIATED 
WITH EACH POINT AND LEG OF THE SIGNAL PATH CONFIGURATION FOR START TIME 
OF COUNTING INTERVAL FROM LTIME. I I 

COMPUTE TOPODETIC POSITION AND ELEVATION OF VEHICLE WITH RESPECT TO GROUND 
STATIONS USING M50TOP. 

COMPUTE REFRACTION CORRECTION OF GROUND LEGS OF SIGNAL PATH USING REFRAC 

SET UP TO PROCESS VARIOUS CONFIGURATIONS 

COMPUTE RANGE REFRACTION CORRECTIONS 

COMPUTE SHORT (PILOT TONE) RANGE 

COMPUTE RELAYED DOPPLER MODIFICATION 

COMPUTE LONG (ROUND-TRIP) RANGE 

COMPUTE DOPPLER FREQUENCY 

COMPUTE DOPPLER OBSERVATION 

COMPUTE DOPPLER FREQUENCY REFRACTION CORRECTION 

ADJUST COMPUTED OBSERVATION FOR REFRACTION USING DOPC 

INPUT: t ( p ) ,  t ' ( p ) ,  Y .  IDOP, K. A t ( p ) ,  A t l ( p ) ,  v(NX), 9, bD, c ,  b p ( i ) ,  
a p ' ( i ) ,  NRC, IIXC, EPH(1). EPH(P), EPH(3). RNP, a p ,  bp, IDT, (bFp)  

OUTPUT: f (LET Gc = f) I I 
I 

I G, = COMPUTED OBSERVATION 

G- = MEASUREWENT 

D = G  - G  

RETURN c 3  Page 3 o f  3 

F i g u r e  A-1 .- Conc luded .  



Note:  

INPUTS: +DRi AR, $DX, AX, IDOP, 

n. R(P), t ( p )  

1 

SETUP FOR RECEIVER COHPUTATlOliS 

3 IOOP = 0 
= 15: IDOP = 1 t 

I SETUP FOR TRANSMITTER COMPUTATIONS I 

1 
COMPUTE ANGLE BETWEEN BASETIME 
AND STATION MERIDIAN AT TIME t ( s )  

- S i n  A' 
- s i n  +,, c o s  A '  - S i n  4 S i n  A' COS oD D 
cos .+D Cos A '  Cos pD S i n  A' S i n  OD I 

1 

COMPUTE RELATIVE VEHICLE VECTOR 

%s - - X(s) 
1 

TRANSFORM RELATIVE VEHICLE 
VECTOR FROM M50 TO ENU 
TOPODETIC SYSTEM 

ZOMPUTE ELEVATION OF VEHICLE 
WITH RESPECT TO GROUND STATION . 

PRECOMPUTE REPETITIVE COMPUTATIONS 
FOR SUBSEQUENT USE 

Page 1 o f  1 

F i g u r e  A-2.- M a n  o f  1950  t o  ENU t o p o d e t i c  (MSOTOP) t r a n s f o r m a t i o n  f l o w  d iagram. 



INPUTS: HR. Nu, HX, NX, IOT, (a, b), (aO, a2, 

bOs bl* b2* Co* C1, c 2 ) *  h t (p ) ,  E(1). 
n, c. IDOP 

(ANGLE DATA) NO YES (RANGE OR DOPPLER DATA) 
COMPUTE ONLY 3 FOR j = 1 

v 
ELEVATION REFRACTION CORRECTION RANGE REFRACTION CORRECTION 

A = a. t 
ApA ' 2NH 

B = bo + blN + b 2 ~ 2  [ s 1 N 2 ~ ( j )  + 21"~ + SIN E ( j )  

C - cO + cIN + c 2 ~ '  
d p ( j )  = bpA [I - a~~~~ ~ C O S  E(~))~NI 

P ' c ~ t ( j )  

SFACT = [SIN~E(J) + ~ H I R O I ~ ~ ~  

EXPFAC - 1 - A expt-B S IN E ( j ) ]  

aE(j) . N *-COS E(J) * EXPFAC 
C) * SFACT + C * SIN E(j1 

* 1 - SFACT - SIN E ( j )  I 
Note: S i n c e  e l e v a t i o n  a n g l e  

measurements a p p l y  o n l y  
to t h e  r e c e l v e r  l e g ,  AE 
i s  computed f o r  j = 1 o n l y .  

F i g u r e  A-3.- R e f r a c t i o n  (REFPAC) computa t ion  f l o w  diagram. 

Page 1 o f  1 



- 
INPUT: RTD(l). AE(~), IDT, p 

-------- 

ADJUST OBSERVATION FOR t -------- A = A (NO CORRECTION) 
E = E' + AE 

Page 1 of 1 
Figure A-4.- Azimuth/el evation (AZ/EL) computation f low diagram. 

A- 18 



INPUT: RTD(l)y A E ( ~ ) ,  IDT, p 

ADJUST COMPUTED OBSERVATION 
FOR REFRACTION -------- 

X = X i  + AX 

Page 1 o f  1 
F igure A-5.- X and Y (X/Y) angle computat ion f l o w  diagram. 



INPUT: IDOP, At (p) ,  A p ( l ) ,  

DJUST COMPUTED OBSERVATION 

S = S  + A S  

Page 1 o f  1 

Figure A-6.- Range computation f low diagram. 



(y)-, INPUT: t ( p ) ,  t 8 ( p ) .  I, IOOP. ~ t ( p ) .  
A ~ ' ( P ) .  v (NX)# 03 '  bD1 C' 

Ap( i ) ,  b p ' ( i ) ,  EPH(l),  EPH(21, 
EPH(3). RNP, dp, bp, IDT, (bFp). 

K, AR. rGR. ZGR. HR' NR' 

rGX> ZGXs ODX, HXB NX 

INPUT: t,, IOOP, RNP, XR, rGR, ZGR, AX, 

rGx, ZGx, EPH(l),  EPH(2), EPH(3), c 1 I 
OUTPUT: t t ( p ) ,  E ' ( p ) ,  V',  ~ t ' ( p )  

I 

I COMPUTE THE DIFFERENCE VECTORS BETWEEN THE 
VEHICLE AND STATION POSITIONS, TRANSFORM 
RESULTING VECTORS FROM M50 TO TOPODETIC, 
AND COMPUTE ELEVATIONS OF VEHICLE WITH 
RESPECT TO STATION USING MSOTOP 1 I 

INPUT: aR, )DR* AX* 4 ~ ~ 9  E'(P), t l ( p ) ,  IDOP, n I I 

Page 1 o f  2 

Figure A- 7.- DOPPLER computa t ion  (OOPC) f low diagram. 
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CORRECTIONS FOR DIRECT DOPPLER 

t 
I COMPUTE RANGE REFRACTIOil 

CORRECTIONS FOR RELAYED DOPPLER 

I COMPUTE SHORT (P ILOT  TONE) I RANGE LIGHT TIMES 1 
~ t ,  = A t ( 1 )  + A t ( 5 )  

At; ' A t ' ( 1 )  + ~ t ' ( 5 )  

RANGE LIGHT TIMES 

N o t e :  Fm a n d  AP, d o  not 
a p p e a r  f o r  D i r e c t  D a t a .  

COMPUTE DOPPLER FREQUENCY 
REFRACTION CORRECTION 

K v K(bF ) 
A f  = - a [ A Q ~  - Apt)] - -2 [APrn - APi;t] 

C7 

ADJUST COMPUTED OBSERVATION 
FOR REFRACTION 

Page 2 of 2 

F i g u r e  A-7. -  C o n c l u d e d  



INPUT: ARs PGR, ZGR# ax, rGX 
tR, IDOP, RNP, EPH(1) 

I 

1 I N I T I A L I Z E  ITERATION COUNTER I 

AVE EPHEMERIS 

I DETERMINE PRESENT TRANSMITTER I I DETERMINE PRESENT VEHICLE POSITION 
POSITION I N  T E I  I N  M50 BY INTERPOLATION I 
a = ax, rG = r ~ ~ '  'G = 'GX 
A '  = A + o t '  F, Cos A;) 1 

I INCREMENT ITERATION 
COUNTER I I COMPUTE SPEED OF LIGHT DELAY 

AND UPDATE TIME I 

Page 1 of  2 

F i g u r e  A-8.- L i g h t  t ime (LTIME) a l g o r i t h m  flow d i a g r a m .  

A-23 
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( U S .  GOVERNMENT PRINTING OFFICE: 1979-671-0141 2'2 42 F igure  A-8.- Concluded. 
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